Abstract. In the last years, the circular bioeconomy has been recognized as key approach to increase the competitiveness of enterprises and economic growth in the European Union (EU) member countries. Forest-based sector plays a key role in the circular bioeconomy. The aim of the present study is to analyze the forest-wood chain at local level following the circular bioeconomy approach. A set of indicators to quantify the 4R ("Reduce", "Reuse", "Recycle", "Recover") of circular economy has been defined and tested in a study area in Italy (Monte Morello forest in Tuscany region). The indicators identified and tested are: improving production process efficiency; reuse and life-span of wood products; optimization of potential wood assortments and energy recover from the wood products. By means of the indicators and a Multi-Criteria Decision Analysis (MCDA), the current forest management strategy applied in the study area has been compared with other possible forest management scenarios in order to evaluate the optimum solution. The results show that the current forest management strategy did not optimize the productive function because the wood harvested is wholly allocated for bioenergy production. The economic value and the life-span of wood products can be increased by means of the wood harvested valorization. Anyway, the results show a favorable balance concerning the carbon dioxide (CO2) emission -considering the fossil fuel substitution effect -and the bioenergy production from deadwood.
Introduction
In the last century -due to the increased use of natural resources, global environmental degradation, and human-induced climate change impact -the linear fossil-based economy paradigm has been discussed and questioned by the scientific community and the decision makers (Mohan et al. 2016 , Hetemäki et al. 2017 .
Recently, as pointed out at the Paris Climate Conference (CoP21) in December 2015, the circular bioeconomy has become the alternative paradigm to the linear economic one (Bruhn et al. 2016) . From the theoretical point of view, the circular bioeconomy combines in a hierarchical way the two concepts of circular economy and bioeconomy (D'Amato et al. 2017 , Murray et al. 2015 . According to the Ellen MacArthur Foundation (2014) the circular economy can be defined as restorative and regenerative by design, and aimed to keep products, components and materials at their highest utility and value, distinguishing between technical and biological cycles. The core principle of circular economy is the R framework, developed at first as 3R framework ("Reduce", "Reuse", "Recycle") and then evolved in 4R when in 2008 the EU Waste Framework Directive introduced "Recover" as the fourth R (European Commission 2008).
In the 4R framework, the hierarchy among the R is fundamental (Van Buren et al. 2016) : the first R ("Reduce") is considered to be a priority to the second R and so on. This hierarchical relationship is closely linked to the "cascade" principle that implies the use of raw materials according to a priority based on the added potential value (Proskurina et al. 2016) . Therefore, raw wood materials should be preferably used for building, furniture and other products with long life span, while bioenergy should preferably derive from the use of wood residues or recycled products (Ciccarese et al. 2014) .
When considering bioeconomy, the EU Strategy for "Innovating for Sustainable Growth: A Bioeconomy for Europe" (2012) has defined bioeconomy as the sustainable production of renewable resources from land, fisheries and aquaculture environments and their conversion into food, feed, fiber biobased products and bioenergy as well as the related public goods. In the EU member countries, the bioeconomy sector has a market size of over 2 trillion € and provides 22 million jobs across diverse sectors -agriculture, forestry, food, chemicals, and bioenergy -corresponding to around 9% of the total EU labour force (Hetemäki 2014) .
In the circular bioeconomy, forest-based sector plays a key role accounting more than 20% of EU's bioeconomy sectors (Hetemäki 2014) . In the coming decades, paper and paperboard consumption in EU should decrease, while in accordance with the Renewable Energy Directive 2009/28/EC and the Energy Strategy 2020 the wood consumption for energy generation should increase (Grilli et al. 2017a) .
In this context, the availability of indicators to assess the impacts of forest management practices through the circular bioeconomy's principles could help to evaluate forest-based sector at local level. These indicators should highlight the economic and environmental impacts of different forest management practices (e.g., clearcutting, selective cutting, shelterwood cutting, thinning) considering the 4R framework of circular economy and the hierarchical position of the individual R. The most suitable method for considering the hierarchy between 4R is the Multiple-Criteria Decision Analysis (MCDA) approach aimed to solving complex problems that are characterized as a choice among alternatives such as forest management practices (Grilli et al. 2017b) . Another suitable approach is the Life Cycle Assessment (LCA), a widely used method for assessing the potential environmental and climate change impacts throughout a product's (or service's) lifecycle. This approach has found several applications in the forestry sector as highlighted by Klein et al. (2015) . The LCA provides a large set of environmen-tal indicators, identifying air and waterborne emissions as well as resources consumption associated with the product or service's production process (Pehnt 2006) . The LCA can be applied in order to highlight the potential negative environmental effects of the linear economy compared to the circular economy as shown by Scheepens et al. (2016) .
Starting from these considerations, the aim of the present study is to identify a set of indicators to assess the economic and environmental impact of forest management practices at local level following the principles of the circular bioeconomy. The indicators have been tested in an Italian case study involved in the project LIFE14 CCM/IT/905 "Recovery of degraded coniferous Forests for environmental sustainability Restoration and climate change Mitigation" (FoResMit). The indicators have been applied in a black pine (Pinus nigra J.F. Arnold) forest where two different forest management practices (selective thinning and traditional thinning) were implemented. Subsequently, the MCDA approach has been used to compare the different forest management scenarios to guide decision makers in choosing the optimal scenario.
Materials and methods

Study area
The study area is Monte Morello forest (43°51'20''N; 11°14'23''E) in Tuscany region (Central Italy). Since XII century, due to its proximity with Florence town, Monte Morello forest was strongly used as wood source for buildings and energy. At the beginning of XX century, a reforestation was carried out in order to provide hydrogeological stability in mountainous areas depleted by the intensive use of natural resources (Cantiani & Chiavetta 2015) . From 1909 to 1980, a surface of 1,035 ha has been reforested using mainly conifers (78% of the total species) such as common cypress (Cupressus sempervirens L.), cypress of Arizona (Cupressus arizonica E. Greene), black pine (Pinus nigra J.F. Arnold), and Calabrian pine (Pinus brutia Ten.). For the remaining 22%, local broadleaved species were used such as Downy oak (Quercus pubescens Willd.), Turkey oak (Quercus cerris L.) and Holm oak (Quercus ilex L.).
After the reforestation, forest management practices (e.g., thinning, sanitary cuttings) have rarely been applied in Monte Morello forest. Consequently, forest stands have been largely abandoned with important consequences on tree stability, mortality and increase of fire risk. Currently, the average growing stock is around 560 m3 ha -1 , while deadwood volume is around 75 m3 ha -1 (80% lying deadwood, 18% standing dead trees, 2% stumps), mainly belonging to the second and third decay class .
In 2015, the LIFE FoResMit project was developed applying two different silvicultural treatments (traditional thinning and selective thinning) aimed to improve the stand characteristics and the forest multifunctionality of Monte Morello (Mazza et al. 2019 ). The two silvicultural treatments were applied on a pilot area of 10.08 ha (Table 1) : (1) selective thinning (4.73 ha): in this thinning the choice of the trees to be cut is based on a positive selection (thinned 30-40% of basal area). Standing dead trees and lying deadwood of first and second decay class with diameter at breast height (DBH) more than 20 cm are removed during the silvicultural treatments, (2) traditional thinning (5.35 ha): in this thinning the choice of the trees to be cut is based on a negative selection (thinned from below 15-20% of basal area). Small and leaned trees and standing dead trees are removed, while the lying deadwood is not removed during the silvicultural treatments.
Research framework
The study was structured in three steps: (1) analyzing of forest-wood chain at local level considering raw materials and energy flow among the different phases (felling, harvesting, chipping, transport, and energy conversion); (2) defining a set of circular bioeconomy indicators for the forest-wood chain; (3) testing the set of circular bioeconomy indicators to the case study using a Multiple-Criteria Decision Analysis (MCDA).
In this study, six indicators have been defined in order to assess the efficiency of forest wood-chain considering the 4R framework (see Table 2 ). The basic assumptions used to develop the indicators for forest-wood chain are that high value products are preferred to low value products, and that the energy use of wood must be considered as the last option when other alternatives are not viable ("cascade" approach).
Reduce. Reduce means increasing the process efficiency by consuming fewer natural resources and materials. Reduce has been quantified as the economic valorization of the wood harvested in a forest area unit and the reduction of carbon dioxide (CO2) emissions for a wood volume unit harvested. Both indicators can be considered an indirect measure of the forest resource consumption to produce a product unit (m3 of wood) or of the production process efficiency. To "measure" the Reduce principle in the forest management practices, the indicators I1 and I2 have been calculated as follows (eq.1 and 2): Recycle Level of recyclability of the products for other purpose/ objects (paper, animal bedding, chipboard panels) I 4 -economical differential between the potential economic value of the wood assortment and the real value earned (%)
Recover Energy production from the "end-of-life products"
I 5 -ratio between CO 2 emissions saved by the timber sold for energy production (respect to the diesel oil) and the total cubic meter collected (kgCO 2 m -3 ) I 6 -ratio between deadwood used for energy purpose and total deadwood in forest (m 3 m -3 ) A high value of I1 means that high quality wood (i.e. for building or furnishing) is produced; conversely, a low value means that low quality wood (e.g., woodchips or pellets) is obtained. It is important to highlight that this indicator is closely linked to local site and forest stand characteristics (e.g., soil fertility, forest type). The indicator I2 considers the CO2 emissions produced by the different forest-wood chain phases (felling, harvesting, chipping, transport to wood processing industries or to heating biomass plant). By means of I2 is possible to evaluate and compare the CO2 emissions of different forest management scenarios. This indicator assesses the performance of the production process in terms of CO2 emissions, in accordance with the basic principles of the bioeconomy. Lower is the I2 value, higher is the environmental sustainability of the process.
Reuse. Reuse refers to the chance of reutilization of a product in a new way, after performing its primary function. Reuse can be quantified considering the sum of life span of one wood product reused one or several times before being converted into energy. Anderle et al. (2002) estimated the following life span for five different wood products: 6 months for woodchips and pellets; 2 years for paper; 3 years for packaging (i.e. pallets, stock); 10-30 years for furnishing; and 15-35 years for building timber.
In this study, Reuse of the wood products obtained from the silvicultural treatments has been evaluated by means of I3 indicator (eq.3):
A high value of I3 means a long-life span of the wood products that it can be reused several times.
Recycle. Recycle is the process of separating materials in order to obtain high and/or low-quality sub-products. This principle has been applied to the forest-wood chain considering the destination of the wood harvested and the potential times that a product can be recycled. Recycle is evaluated by means of I4 indicator defined as follows (eq.4):
I4 expresses the economic differential (in %) obtainable from a more rational valorization of the valuable wood assortments. The latter are those that generally have longer life times and create added value throughout the forest-wood supply chain.
Recover. Recover is the energy production from the "exhausted products". In the present study, Recover was quantified for the forest-wood chain using the following two indicators (eq. 5 and 6):
Since wood is considered "carbon neutral" in the bioenergetics cycle (Berndes et al. 2016) , the emission generated by the carbon content in the woody biomass, called biogenic carbon, are usually neglected in the estimation of the combustion impact on the climate change. Considering the amount of wood used for energy purpose, I5 evaluates the amount of CO2 generated by the C biogenic, considering the amount of fossil fuels saved. The value of this indicator can significantly change according to the destination of the wood harvested. A high value means that the timber collected is mainly employed for energy purpose, saving fossil fuels and decreasing the non-biogenic CO2 emissions.
The last indicator (I6) measures the ratio be-
(1)
tween the deadwood -all non-living woody biomass not contained in the litter, either standing, lying on the ground, or in the soil -removed during the silvicultural treatments and the total volume of deadwood. Deadwood can be considered an "end-of-life product", consequently this indicator measures the deadwood valorization capacity for energy purpose. This indicator is closely related with the initial deadwood stock.
In Table 2 the 4R framework and the relative indicators are summarized. The indicators values have been calculated after the two silvicultural treatments in Monte Morello forest.
Multiple-Criteria Decision Analysis (MCDA)
A Multiple-Criteria Decision Analysis (MCDA) has been performed to test the reliability and efficiency of the six above-mentioned indicators to assess the forest-wood chain.
The MCDA is a useful tool to identify the optimum result/solution in complex scenarios, where many actors are involved, with multiple aspects (e.g., ecological, social, economic, technical, ethical) and interests not directly comparable (Munda 2016) . A MCDA requires: (1) a complex problem to be solved; (2) the definition of available alternatives; (3) the identification of the criteria and indicators (C&I) to be evaluated; (4) a criteria priority index. The optimum solution is found comparing the available alternatives according to the criteria's priority order (from the most important to the least) and the values taken by the indicators. The main theoretical axiom of MCDA is that, first, the utility of an alternative is the indication of its desirability, and second, that an alternative A with higher utility should be preferred to an alternative B with lower utility. The optimum solution indicated by the analysis should load to utility maximization. A paradox of this approach is that the optimum solution is related to the method adopted and the weights assigned to the criteria as underlined by Greenstein (2017) . However, in many cases the decision makers are unable to weight their expected benefits.
An MCDA can be run with several different methods, that must be chosen according to the type of problem and the function/indicators defined. The application of MCDA to forest management and planning, is a useful tool for helping decision makers in the evaluation of different management actions (Kangas et al. 2008 , Wolfslehner & Seidl 2010 , Uhde et al. 2015 , Nilsson et al. 2016 , Acosta & Corral 2017 . MCDA methods can be grouped in three main families (Table 3) .
In the present study, the Analytical Hierarchical Process (AHP) has been chosen to perform the MCDA. AHP follows a full aggregation approach and it is a utility-based model, simple, flexible, and intuitive with the ability to handle qualitative and quantitative criteria. AHP has been adopted in several applications in forestry such as for multiple-use forestry and participatory planning (Mendoza & Dalton 2005) , for the implementation of criteria and indicators of the Sustainable Forest Management (Wolfslehner et al. 2005) , for protected area and Natura 2000 sites collaborative management (Brescancin et al. 2018) .
Five alternative forest management scenarios have been defined changing forest management practices (selective thinning and traditional thinning) and wood outcomes (woodchips and other wood products).
Scenario A: business-as-usual (test case: traditional and selective thinning, woodchips production).
Scenario B: traditional thinning; 100% of the wood harvested is chipped and delivered to the combined heat and power (CHP) plant closed to Monte Morello forest.
Scenario C: selective thinning; 100% of the wood harvested is chipped and delivered to the CHP plant closed to Monte Morello forest.
Scenario D: traditional thinning and wood valorization according to the characteristics of the wood harvested (diameter and length): 4% large poles for environmental engineering works, 37% for wood packaging. The wood processing enterprises are located respectively at 15 and 20 km from the timber storage point. The remaining wood (58%) is chipped and delivered to the CHP plant closed to Monte Morello forest.
Scenario E: selective thinning and wood valorization: 16% large poles for environmental engineering works, 27% for wood packaging. The wood processing enterprise are located respectively at 15 and 20 km from the timber storage point. The remaining wood (57%) is chipped and delivered to the CHP plant closed to Monte Morello forest.
The criteria's tree and concerning indicators (I) are structured as shown in Figure 1 . The values of the six circular bioeconomy indicators were calculated for each scenario. I1 was computed as net profit gain, while the CO2 emissions (I2) were calculated based on the data collected in the field (Table 4. I3 was calculated as a weighted average of the expected life span of the wood products. I4 was calculated using wood volume and local selling prices of the potential obtainable high value wood products (Table 5 and 6). I5 was calculated considering a CO2 avoided value of 3.23 kg CO2 kg -1 diesel considering an energy efficiency of 85%. Lastly, I6 was estimated based on the ecological role of deadwood and the total amount of deadwood volume in site.
The weights of circular bioeconomy indicators were assigned through a pairwise compar- Once defined the indicators and the criteria priority index, the following steps were performed: (1) Definition of the evaluation matrix; (2) Standardization of the matrix (required for several methods); (3) Weight assignment; (4) Priorities calculation; (5) Robustness analysis. Regarding the second step, the evaluation matrix has been normalized according to the maximum criteria; I1, I3, I5 (with positive sign) and I6 are considered as a benefit, I2 and I4 are considered as a cost. The weight of each indicator is shown in Figure 2 . Then, the AHP has been applied to the five forest management scenarios using the software Definite 3.1 (https://spinlab.vu.nl/support/tools/ definite-bosda/) developed by Spinlab of Vrije Universiteit, Amsterdam. From the methodological point of view, the five forest management scenarios were compared in pairs producing a reciprocal matrix (A) where the relative weight is expressed as aij and it is located at the right side of the diagonal, whereas its reciprocal is defined as 1/aij and it is located in the opposite side of the diagonal.
In the matrix, the row indicates the relative weight of each forest management scenario compared to the others. When i = j, then aij=1. Then, the transpose of the vector of the weights w is multiplied by matrix A to obtain the vector represented by l max w, that follows the principle:
where: l max -largest Eigenvalue of matrix A l max w, I -identity matrix of size n, n -number of rows or columns in the matrix.
Normalizing the vector w so that the sum of its elements is equal to 1, it is possible to calculate the priority value (P) for each forest management scenario:
Finally, the priority values of the five forest management scenarios were compared in order to identify the most suitable scenario according to the circular bioeconomy principles.
Results
Forest-wood chain analysis
The forest-wood chain phases considered in the study are: felling and harvesting; chipping; wood transport (from forest to biomass-based plant or wood processing enterprise) and energy conversion. For each phase, the materials flow and the CO2 emissions produced by forest-wood chain phases have been estimated.
Felling and harvesting
The results show that after the traditional thinning, 24% of the growing stock was har- vested on 5.35 ha, while in the area managed with selective thinning (4.73 ha), the harvested rate is 36% (Table 1 ). In addition, a deadwood volume of 9.5 m 3 ha -1 and 18.2 m 3 ha -1 was removed with traditional and selective thinning, respectively.
The forestry operations were performed by means of two medium chainsaws Stihl MS180, 2 Lamborghini tractors with winch and a Terex TC125 crawler with Deutz TCD 2012 L04 engine (engine power 74.0 kW) equipped with forest gripper. The site productivity was estimated in 1 t h -1 for the felling phase and 2.4 t h -1 for the harvesting phase. For the harvesting action, the fuel consumptions of the chainsaws and the forest tractor was of 454 l (average consumption 0.6 l h -1 ) and 2,318 l (average consumption of 4 l h -1 ) respectively. For the estimation of the CO 2 emissions during all forest-wood chain phases the following values were adopted (EPA 2005 for the selective thinning.
Transport
The woodchip was delivered to the CHP plant in the Calenzano municipality (43°51′24″ N; 11°09′49″ E), 12 km far from the Monte Morello forest. The woodchip was transported by means of a truck with a capacity of 28-30 t. The average productivity was around 20t h -1 (considering loading, transport,unloading phases). For the CO 2 emissions calculation a fuel consumption value of 20.4 l for 100 km and an emission value of 2.65 kg CO 2 l -1 was considered. A total of 563 kg CO 2 emissions was estimated for the amount of wood transported.
Wood products allocation on the market
The wood volume has been totally chipped and delivered to the CHP plant. The CHP plant has a thermal power of 5.9 MW (woodchips consumption of 50 t d -1 , thermal efficiency 85%) and an electric power of 800 kW el . Approximately 1,215 t of woodchip were produced (moisture content 30%, low heating value of 3.4 MWh t -1 ). The use of the woodchip for heat production, compared to the use of natural gas and heating oil, allows to save, respectively, 207 and 278 g CO 2 kWh -1 .
Circular bioeconomy indicators
Reduce
For the first indicator I1, the production process efficiency has been estimated as ratio between the average annual income per cubic meter and the managed forest area. I1 was calculated using the following equation (eq. 7):
where: a -average annual income deriving from the sale of wood products, Pm -net profit gain for year m, r -interest rate, n -numbers of years among two subsequent thinning (15 years), V hharvested volume per ha (m 3 ha -1 ). The period of 15 years among two thinning is derived from the forest management prescription by the LIFE CCM/IT/905 FoResMit project.
Currently, the local woodchip price is 37 € t -1 (with a moisture content of 45%), as derived by means of interviews with local forest enterprises. Using this woodchip value, the ratio between economic value of wood harvested per cubic meter and surface (I 1 ) is 2.34 € m -3 yr -1 , while the CO 2 emissions related to the forest-wood chain in Monte Morello (I 2 ) are 7.78 kg CO2 m -3 wood . In particular, the CO 2 emissions considered for the calculation of I 2 are the emission generated by the whole forest-wood chain up to the CHP plant (see Table 4 ).
Reuse
The indicator I 3 is measured as sum of the years of life of one wood product reused one or several times.The following values were for the wood products life span: 6 months for woodchip; 3 years for packaging; and 30 years for large poles used for environmental engineering works (e.g., simple or double palisade).
In the business-as-usual scenario, all the wood volume harvested is chipped and deliv- (7) ered to the CHP plant located in the Calenzano municipality. Consequently, the total life span of wood assortments (only woodchips) retired by Monte Morello forest (I 3 ) is equal to 0.5 years (6 months).
Recycle
The indicator (I 4 ) indicates in which percentage it is possible to improve the earnings from the timber selling. The idea is that higher is the economic value of the products higher is the potential number of recycling cycles. In Monte Morello case study, the wood harvested by thinning can be suitable for three different markets: (1) large pole for environmental engineering works (local product) -selling price 40 € m -3 ; (2) pallets and wood packaging -selling price 35 € m -3 ; (3) woodchips (with a moisture content of 45%) -selling price 33 € m -3 . The potential wood volumes available was estimated considering the wood characteristics required for large pole production (5-5.4 m length, diameter range 18-30 cm) and for pallets production (4 m length and diameter above 30 cm) as pointed out by Cantiani et al. (2017) (see Table 5 ). The potential revenue from the timber selling is equal to 55,200 € so divided: 22,807 € from large poles (11,355 € from selective thinning and 11,452 € from traditional thinning), 7,153 € from timber for packaging (5,970 € from selective thinning and 1,183 € from traditional thinning) and 25,242 € from woodchips. The earning from the woodchip's sale has been calculated deducting 9 € m -3 as chipping costs. I 4 is equal to 25.3%, it means that the business-as-usual scenario can be improved.
Recover
Recover was evaluated through two indicators. The first Indicator (I 5 ) deals with the concept of "carbon neutrality" of the bioenergy system.The emissions saved have been calculated considering replacing diesel fuel with woodchips (diesel fuel emission value: 3.2 kgCO 2 kg -1 diesel fuel ). The second Indicator (I 6 ) emphasized the opportunity of using deadwood for energy purpose without compromising the ecological function provided by this component of forest ecosystem. This indicator highlighted that for the Monte Morello forest more than 30% (I 6 =0.37) of the deadwood can been used for energy purposes.
Generally, on the long-term period it would be a good practice to leave at least 5% of deadwood, -particularly logs with minimum diameter above 30 cm -because they are of primary importance both for biodiversity (e.g., saproxylic species) and for preservation of soil fertility (Nordén et al. 2004 , Pastorelli et al. 2017 ).
Forest management scenarios
The results of the AHP method are shown in Figure 3 , Table 7 (pay-off matrix) and Table 8 (standardized matrix). Scenario C -selective thinning with economic valorization of the wood products-is considered the optimumforest management solution according to the circular bioeconomy principles, with respect of the index priority order given by the 4R framework.
To test the robustness of the results, an uncertainty analysis was performed changing the weights and score values of +/-20% with the Monte Carlo simulation, by means of the DEFINITE software. The output is a probability table of the position covered by each scenario (1 st position scenario E 99% of times, 2 nd position scenario D 98% of times, 3 rd position scenario 89% of times, 4 th position scenario A 86% of times and 5 th position scenario B 97% of times). The solution proposed by the AHP can be declared "robust" since the scenario E is in the first position 99% of times.
The results shows the scenario E as the optimum one (selective thinning) since it allows to reach higher prescribed cut (52% compared to the traditional thinning). However, even if with the selective thinning the volume of wood harvested is remarkable higher than with the traditional one, the score reached by scenario D (traditional thinning, wood products valorization) is high. This can be explained considering the destination of the wood volume harvested. In the scenario D, 37% of the wood volume harvested is sold for large pole production (59% for woodchips and 4% for packaging), which is a local, well paid product, since it requires logs with specific characteristics. In the scenario E, only 27% of the wood harvested is suitable for pole (56% for woodchips and 16% for packaging). This leads the scenario D to reach a high score. The scores reached by the scenarios A, B and C, are considerably lower than D and E, however, useful indications can be drawn. Currently, the wood volume harvested in Monte Morello forest is totally used for energy production. Looking at the scenarios A, B and C is clear that, if the timber collected is entirely aimed to woodchips, the se- Table 7 Payoff matrix for each forest management scenario 
Discussion
Applying the "cascade" principle to the forest sector, pushing the timber utilization mainly for wood products than for energy production could be a possible good alternative in accordance with the circular bioeconomy principles. However, the main factors that influence the identification of the optimum forest management scenario are: local market demand for timber and biomass for energy use.
In the present study, the wood harvested was totally chipped due to the low quality of the raw material harvested. Therefore, three indicators (I 1 , I 3 and I 4 ) highlight that for this reason local forest managers have not adopted the optimum solution in the allocation of the wood products provided by Monte Morello forest. In fact, all wood volume harvested was allocated for woodchips production for two main reasons: low wood qualitative characteristics and high local price of woodchip compared to the other wood products (Pra & Pettenella 2016 , Marchi et al. 2018 .
However, some thinning types yield a higher harvesting rate and a higher percentage of quality roundwood. According to the "cascade" approach, the optimal solution should be the market allocation of a greater share of high value wood products with a longer life span. In the case study of Monte Morello, the AHP results show that the forest owner couldincrease their income of 25% compared to current income. These results are in accordance with the review by Cameron (2002) evidencing that the selective thinning is profitable because improves future wood quality and consequently economic value of the products. In addition, the alternative wood products (poles for environmental engineering, wood for packaging or other wood assortments with a longlife span) would store carbon for longer times than woodchips for bioenergy production, with positive effects on the climate as underlined by other studies (Liu & Han 2009 ). In a similar way, Mathieu et al. (2012) have estimated the impact of three different forest management scenarios on the carbon balance of the forest-wood product chain in a case study in France. The authors have compared three management scenarios with different rotation lengths and thinning schedules assessing the potential of harvested wood products carbon pool in each scenario.
The results of this study highlight that two indicators (I 2 and I 5 ) show a favorable CO 2 balance due to the low CO 2 emissions during all forest-wood chain phases (7.2 kgCO 2 m -3 ) and a high quantity of emissions avoided thanks to the use of forest biomass rather than fossil fuels. Globally, the use of woodchips for energy production in CHP plant generates a saving of 0.9 Mg GJ -1 . Other studies confirmed the favorable CO 2 balance when harvesting residues are used to replace fossil fuels: Laganière et al. (2017) estimate that CO 2 emission reductions vary from 0.8 to 3.9 Mg GJ -1 for heat production and from 0.1 to 9.2 Mg GJ -1 for power production using fast-growing trees to produce bioenergy. Besides, Geng et al. (2017) emphasized that harvested wood products and wood bioenergy originated from sustainably managed forests can significantly contribute to greenhouses gas (GHG) emissions reduction in the long term.
In addition, the results of the AHP show that the current forest management strategy could be largely improved, by means of the valorization of the timber harvested for wood packaging or building. For example, the wood packaging -such as wood pallets -are more environmentally-friendly than plastic pallets during the whole life cycle (Sathre et al. 2014) .
Finally, the last indicator used in the present study emphasizes the role of deadwood as potential energy resource in the degraded forests. Deadwood is an important structural and multifunctional component of forests, but if the amount of standing dead trees and lying deadwood is too high -as in the Monte Morello case study -the risk of forest fires and biotic attacks increases. In these circumstances, the first two decay classes of deadwood can be partialy exploited for bioenergy production without compromising the ecological functionality.
Conclusions
The present study proposes a set of indicators and a methodology -based on AHP approach -aimed at identifying the most appropriate forest management scenario to optimize forest outcomes considering the principles of circular bioeconomy. The methodology proposed can support decision makers including the principles of EU Strategy for "Innovating for Sustainable Growth: A Bioeconomy for Europe" (2013) and "An EU action plan for the Circular Economy" (2015) in the forest management practices at local level.
The main advantages of the proposed method are that the results are clear and easy to understand in order to identify the optimum forest management scenario. In addition, field surveys and data collection are simple and require a short time-consuming. Another advantage of the proposed methodology is the possibility of comparing the outcomes of different forest management practices and study areas in a synthetic way.
Conversely, the main disadvantages are that a preliminary set of indicators should be integrated in order to exhaustively quantify all four Rs of circular economy and that the application of the method requires a basic level of knowledge of AHP. Another disadvantage is the high level of subjectivity in the weight assigned to the criteria, otherwise limited by the sensitivity analysis which reduces the influence of personal judgments by introducing uncertainty in the computations. Another disadvantage related to the AHP is that in some cases is difficult to maintain the consistency index below the 10% threshold due to the incoherence of the answers provided by the respondents. Generally, lower values of consistency index are recorded when the sample is composed of experts.
However, it is important to remember that AHP is a tool of support in decision-making processes, but not a decision-maker itself. Consequently, outputs and results must be deeply analyzed and discussed before taking them for granted.
Finally, the future steps of the study will be the integration of the set of indicators and their application in other case studies to test the validity also in other contexts.
